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DSL (Delta, Serrate, Lag-2) ligands activate Notch signaling and thereby regulate the differentiation of many different cell
types during development. We have isolated a novel Serrate-like gene, Jagged2, whose amino acid sequence and expression
pattern during rat embryogenesis suggest that it functions as a ligand for Notch. In contrast to previously described DSL
ligands for Notch, Jagged2 is not widely expressed in the developing central nervous system. However, Jagged2 and Notch1
are coexpressed in the apical ectodermal ridge (AER), suggesting a role for this ligand±receptor pair in limb development.
Furthermore, unlike Jagged1, Jagged2 is coexpressed with Notch in the developing thymus, where it may induce Notch
signaling to direct T-cell fate. Our data are consistent with the idea that the diversity of cell types regulated by Notch
signaling is a consequence of activation of unique Notch isoforms by different DSL ligands. q 1996 Academic Press, Inc.
INTRODUCTION mutant phenotypes, and regulate different developmental
decisions (reviewed in Muskavitch, 1994; Artavanis-Tsako-
The LIN12/Notch genes encode cell surface receptors that nas et al., 1995). These differences suggest that the diversity
when activated, by either ligand-binding or gain-of-function of cell±cell interactions regulated by Notch in Drosophila
mutations, inhibit the differentiation of a diverse array of may be due to activation by different ligands.
cell types (reviewed in Greenwald, 1994; Muskavitch, 1994; Recently, Delta- and Serrate-like genes have been identi-
Artavanis-Tsakonas et al., 1995; Lewis, 1996). The Delta, ®ed in vertebrates (reviewed in Lewis, 1996). Jagged is a
Serrate, Laq-2 (DSL) genes encode cell surface ligands that Serrate-like gene isolated from rat that activates Notch1
activate LIN12/Notch proteins and thereby regulate cell expressed in myoblasts to prevent muscle cell differentia-
fate determinations during both vertebrate and invertebrate tion (Lindsell et al., 1995), and X-Delta-1 is a Delta-like
development (reviewed in Muskavitch, 1994; Artavanis- gene that inhibits primary neurogenesis in Xenopus em-
Tsakonas et al., 1995; Lewis, 1996). The Drosophila DSL bryos (Chitnis et al., 1995). Since four mammalian Notch
ligands, Delta and Serrate, each interact with Notch, yet proteins have been described (reviewed in Artavanis-Tsako-
they have different expression patterns, produce different nas et al., 1995), it seems likely that there are several Delta-
and Serrate-like ligands that activate these different recep-
tors. In fact, PCR analysis in chick has identi®ed two genes1 Present address: Department of Psychiatry and Biobehavioral
related to Delta and two related to Serrate (Myat et al.,Sciences, UCLA School of Medicine, 10833 Le Conte Avenue, Los
1996). Here we describe the cloning, sequencing, and expres-Angeles, CA 90095.
sion of a second rat Serrate-like gene, designated Jagged2.2 To whom correspondence should be addressed. E-mail:
gweinmas@biochem.medsch.ucla.edu. Jagged2 has retained all the structural motifs of a LIN12/
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FIG. 1. Structural analysis of Jagged2 sequence and alignment of deduced amino acid sequences for rat Jagged1 and Jagged2. (A) The
pRG3064 genomic clone is diagramatically shown to contain a portion of Exon1 that encodes an initiator methionine and a 22-amino-
acid signal peptide followed by 181 bp of intervening sequence, Exon2 encoding Jagged2 amino acids 23±139, and intronic sequences. The
sequences present in both pRG3064 and pRB15 are underlined. (B) Schematic representation of structural motifs found in Jagged2. Hydropho-
bic stretches of amino acids are represented by solid black boxes: Signal peptide (SP) and transmembrane domain (TM); the DSL domain
is a checkerboard-®lled box; the EGF-like repeats are cross-hatched boxes; and the cysteine-rich region (CR) is a gray shaded box. (C)
Alignment of Jagged1 and Jagged2 amino acid sequences generated using the GAP program of GCG. The signal peptide is in bold, the
DSL region containing amino acids 196±243 is boxed, the EGF-like repeats are numbered over the ®rst cysteine residue of each repeat,
the insert in the 10th EGF-like repeat is underlined, the conserved cysteines in the CR are shaded, and the TM containing amino acids
1085±1109 is boxed. The amino acid identity between Jagged2 and Jagged1 for the different structural motifs is as follows: DSL, 70%;
EGF-like repeats, 65%; CR, 36%; and cytoplasmic domain, 23%.
tion conditions as previously described (Weinmaster et al., 1991).Notch ligand, and its expression pattern overlaps with that
Clone pRB15 was isolated in this screen and contains 4790 bp ofof Notch1, suggesting that Jagged2 is a ligand for Notch1.
sequence, encompassing a 93-bp 5* unrelated sequence, a 3609-bpHowever, Jagged2 and the related Notch ligand Jagged are
open reading frame, and a 1088-bp 3* untranslated region. A ratexpressed in different cell types and tissues, implying that
genomic clone, pRG3064, was isolated in a high-stringency librarydifferent DSL ligands, through activation of Notch signal-
screen using a 818-bp PCR fragment containing pRB15 nucleotides
ing, may regulate the development of distinct cell types 176±994. Clones were sequenced then analyzed using the Genetics
during rat embryogenesis. Computer Group (GCG) software package (Version 7, 1991). The
accession numbers for the Jagged2 DNA sequence in the GenBank
database are U70049 (pRG3064) and U70050 (pRB15).MATERIALS AND METHODS
Cloning and Sequencing In Situ Hybridization
For pregnancy staging, the day of vaginal plug detection was des-An adult rat brain cDNA library was screened with a rat Jagged
cDNA probe (Lindsell et al., 1995) under low-stringency hybridiza- ignated Embryonic Day (E) 0.5. Rat embryos were ®xed and pro-
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FIG. 1ÐContinued
cessed for in situ hybridization as described previously (Lindsell et tor methionine. High-stringency hybridization screens of a
al., 1996). Digoxigenin-labeled antisense riboprobes for Jagged1 and rat genomic library with a probe containing pRB15 se-
Notch1 were synthesized from linearized plasmid cDNA templates quences identi®ed a clone that contains the 5* end of this
using T3 RNA polymerase (Lindsell et al., 1996). Jagged2 antisense gene. A portion of this genomic clone containing 2 exons
riboprobe was synthesized from linearized pRB15.2 using T7 poly-
and 181 bp of intervening sequence is shown in Fig. 1A.merase (pRB15 nucleotides 1754±2830). Sectioned embryos were
The initiator methionine and signal peptide are encoded byphotographed using Zeiss Axiophot photomicrography equipment
Exon1, while 24 amino acids plus the 93 N-terminal aminoand Kodak Ektachrome 160T color transparency ®lm.
acids of pRB15 are encoded by Exon2 (Fig. 1A). Analysis of
these clones predicts an open reading frame of 1248 amino
acids, which contains all the structural motifs described forRESULTS AND DISCUSSION
Jagged (Fig. 1B). Therefore, we designated this gene Jagged2
and now refer to the previously identi®ed Jagged gene (Lind-
Jagged2 Encodes a Second Serrate-like Protein sell et al., 1995) as Jagged1. Figure 1C shows the alignment
of the deduced amino acid sequence for rat Jagged1 andTo isolate additional DSL family members, we used Jag-
Jagged2. The two proteins exhibit overall amino acid se-ged DNA sequences as probes in low-stringency hybridiza-
quence identity of 54%, while the sequence identity be-tion screens of an adult rat brain library. We isolated a
tween Jagged2 and the Drosophila DSL proteins Serrate andcDNA clone, designated pRB15, which encodes an open
reading frame of 1202 amino acids but is missing the initia- Delta is 40 and 35%, respectively.
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TABLE 1
Expression of Jagged2, Jagged1, and Notch1 during Rat Embryogenesis
Stage E12.5 Stage E14.5 Stage E16.5
Sites J2 J1 N1 J2 J1 N1 J2 J1 N1
Neuroepithelia
(ventricular zone) 0 / / 0 / / 0 / /
Dorsal root ganglia / / 0 / / / / / /
Eye 0 / / 0 / / 0 / /
Cranial ganglia
Trigeminal nd nd nd / / { / / /
Facioacoustic nd nd nd / / 0 / / /
Glossopharyngeal nd nd nd / / { / / /
Limb buds
AER / 0 / f f f f f f
Mesenchyme 0 / 0 0 / 0 0 0 0
Thymus f f f / 0 / / 0 /
Olfactory epithelia f f f / / / / / /
Salivary gland f f f nd nd nd / / /
Tooth buds f f f nd nd nd / / /
Hair follicles f f f nd nd nd / / /
Surface ectoderm / 0 0 / / / / / /
Kidney 0 / / 0 / / 0 / /
Pancreas nd nd nd 0 / / 0 / /
Note. J2, Jagged2; J1, Jagged1; N1, Notch1; f, structure not present; nd, not determined; (/) mRNA detected; (0) mRNA not detected;
({) weak signal.
Two hydrophobic regions within Jagged2 aligned with the pattern coincided with that of Notch1 during rat develop-
ment. In addition, we compared the expression of Jagged2signal peptide and transmembrane domain identi®ed in Jag-
with that of Jagged1 to assess the redundancy in expressionged1 (Fig. 1C). The extracellular domain of Jagged2 contains
of these related genes. Digoxigenin-labeled antisense ribo-a number of cysteine-rich regions. One of these regions,
probes for Jagged1, Jagged2, and Notch1 were used to detectdesignated the DSL domain, is a hallmark of LIN12/Notch
tissue-speci®c expression of mRNAs during rat embryogen-ligands and is required for ligand function (Muskavitch,
esis. This analysis revealed both overlapping as well as dif-1994). A characteristic of both Notch and its ligands is the
ferential expression of the two Jagged genes. Moreover, Jag-presence of cysteine-rich repeats, related to epidermal
ged2 was coexpressed with Notch1 in a number of cell typesgrowth factor (EGF), that are tandemly arranged in the ex-
and tissues, suggesting a role for Jagged2 in Notch signaling.tracellular domains of these proteins. Like Jagged1, Jagged2
Table 1 summarizes the sites of Jagged2, Jagged1, andhas 16 EGF-like repeats after the DSL domain with an insert
Notch1 gene expression identi®ed in adjacent sections ofin the 10th repeat. The Jagged2 insert contains 24 amino
midgestation rat embryos.acids, while the Jagged1 insert contains 28 amino acids
Both Jagged1 and Delta1 have been proposed to affect(underlined in Fig. 1C). Between the EGF-like repeats and
neurogenesis through activation of Notch1 (reviewed inthe transmembrane domain, Jagged2 has an additional cys-
Lewis, 1996). However, because Jagged2 was not stronglyteine-rich region (CR) in which the conserved cysteines are
expressed in the CNS during development, it seems un-identically spaced with those in Jagged1 (Fig. 1C) and Dro-
likely that this particular DSL ligand is similarly involvedsophila Serrate (data not shown). The CR is unique to the
in neurogenesis. Nonetheless, a Jagged2 transcript of ap-Serrate-like DSL ligands in that it is not found in Delta-like
proximately 5 kb was detected in adult rat brain RNA (dataor C. elegans DSL ligands. As with Jagged1, the cytoplasmic
not shown) and Jagged2 was cloned from an adult rat braindomain of Jagged2 bears little resemblance to the cyto-
cDNA library, suggesting a role for Jagged2 in the adult ratplasmic domains of other proposed ligands for LIN12/Notch
brain. Jagged1 and Notch1 are coexpressed in the ventricularfamily members.
zone of the developing spinal cord, which contains prolifer-
ating precursors, consistent with a role for these genes in
Expression of Jagged2 during Rat Embryogenesis neurogenesis (Lindsell et al., 1995, 1996; Myat et al., 1996;
Since the amino acid sequence of Jagged2 suggested that it Figs. 2B and 2C). In contrast, Jagged2 was absent from the
ventricular zone but was expressed at a low level in theencoded a ligand for Notch, we asked whether its expression
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ventrolateral margin of the spinal cord (Fig. 2A), where mo- the basal cells (Fig. 2G). Both of these cell types are mitoti-
cally active, presumably to ensure expansion of the epider-tor neurons and ventral interneurons are located (Pfaff et
al., 1996). Furthermore, Jagged2 may play a role in neuro- mis during embryonic growth (Byrne et al., 1994). Perhaps
these Serrate-like ligands maintain mesenchymal cells in agenesis in the peripheral nervous system since it was ex-
pressed during the development of the cranial (Table 1) and proliferative state analogous to the proposed role for Dro-
sophila Serrate in the morphogenesis of wing imaginal discsdorsal root ganglia (DRG) (Fig. 2A). Although Notch1 was
not strongly expressed in the DRGs at E13.5 (Fig. 2C), its (Speicher et al., 1994). As in the embryonic epithelium,
Jagged1, Jagged2, and Notch1 were all expressed in epithe-expression increases over the next 2 days of development
(Weinmaster et al., 1992; Lindsell et al., 1995); thus its ex- lial cells of developing submandibular gland ducts but were
absent from the surrounding mesenchyme (Figs. 2J±2L).pression overlaps with Jagged2, which is also expressed at
these time points (Table 1). Several lines of evidence have linked Notch signaling
with cortical thymocyte differentiation. The humanLike Jagged1, Jagged2 was also expressed outside the ner-
vous system during embryogenesis. For example, Jagged2 Notch1 gene is rearranged in T-cell lymphoblastic leukemia
and constitutively active forms of Notch1 can induce T-was expressed in the AER of E12.5 limb buds (Fig. 2D). The
AER is the primary organizer for limb development and cell neoplasms (Ellison et al., 1991; Aster et al., 1994; Pear
et al., 1996). Furthermore, Notch1 is expressed in early thy-since Notch1 was also expressed in the AER at this time
(Fig. 2F), this ligand±receptor pair may function in develop- mocytes and ligand-independent activated forms of Notch1
can in¯uence the choice between CD4 and CD8 T-cell lin-ment of the rat limb. Notch1 is also expressed in the AER of
developing chick limbs (Myat et al., 1996). Taken together, eages (Hasserjian et al., 1996; Robey et al., 1996). Since it
is coexpressed with Notch1 in the E16.5 thymus (Figs. 2Mthese data suggest that there may be some parallels between
vertebrate limb development and Drosophila wing forma- and 2O), Jagged2 may be the ligand that induces Notch
signaling in the developing thymus. In addition, sincetion, since the establishment of the wing margin in Dro-
sophila requires Serrate and Notch (Couso et al., 1994). In Notch3 is also expressed in the embryonic thymus (data
not shown), this Notch isoform could also be activated bycontrast to Jagged2, Jagged1 was expressed in the mesen-
chyme of rat (Fig. 2E) and chick limb buds (Myat et al., Jagged2.
It remains to be determined if Jagged2 functions as a li-1996). Notch2 was also expressed in the limb mesenchyme
at this stage (data not shown) and may interact with Jagged1 gand for Notch1 in the tissues and cell types suggested by
this analysis. We are currently determining if Jagged2, liketo regulate the proliferation and differentiation of mesen-
chymal cells that form the limb. Jagged1, can activate Notch1 in myoblasts and prevent mus-
cle cell differentiation. In addition, analysis of Jagged2Jagged1, Jagged2, and Notch1 were expressed in tissues
such as skin and salivary glands (Figs. 2G±2L) that require knockout mice will help elucidate the role of this putative
Notch ligand during development.interactions between epithelial and mesenchymal cells for
their morphogenesis. However, in these tissues, Notch1 and
its ligands were expressed only in epithelial cells and not
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FIG. 2. Jagged2 and Notch1 are coexpressed in midgestation rat embryos. Expression of Jagged2 (A), Jagged1 (B), and Notch1 (C) in
transverse sections of E13.5 rat spinal cord at the level of the forelimb. Jagged2, Jagged1, and Notch1 were all expressed in the dorsal root
ganglia (DRG). Both Jagged1 and Notch1 were expressed in the ventricular zone (vz), while Jagged2 was absent from the ventricular zone
but was expressed in the ventrolateral margin of the spinal cord (large arrow in A). In transverse sections of E12.5 forelimb buds Jagged2
(D) was expressed in the ectoderm (ec) and throughout the AER, Jagged1 (E) was detected in the mesenchyme (mes) and Notch1 (F) was
also expressed in the AER but not to the same extent as Jagged2. In sections through the skin of E16.5 rat embryos Jagged2 (G) was
detected in the basal cells (bc) of the epidermis, Jagged1 (H) was in the suprabasal cells (sbc), while Notch1 was expressed in both cell
types of the epidermis (I). In sections of E16.5 submandibular gland Jagged2 (J), Jagged1 (K), and Notch1 (L) were detected in ductal epithelial
cells and not in the mesenchyme. Jagged2 (M) and Notch1 (O) were coexpressed in E16.5 thymus, while Jagged1 (N) was not detected in
the thymus. Size bars in the lower left corners represent 50 mm in (A), 10 mm in (D), 10 mm in (G), 20 mm in (J), and 50 mm in (M).
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